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CHAPTER 1: INTRODUCTION 
AVIAN OSTEOPOROSIS AND ITS IMPACTS ON THE POULTRY INDUSTRY 
Cage layer fatigue, an extreme form of osteoporosis, was first described as a problem 
in the poultry industry by J.R. Couch in 1955, not long after laying hens were first 
maintained in battery cages (Webster, 2004). The problem was reported in caged hens with 
high rates of lay and feed efficiency. Affected birds presented with leg problems causing 
them to be unable to stand and brittle bones leading to considerable mortality losses. If 
removed from the cages, birds recovered in floor pens although production suffered or ceased 
dL1r111g t111S tlme (COLlcl1, 1955). The paralysis experienced by birds with cage layer fatigue 
maybe due to increased exposure and pressure on the spinal cord from loss of vertebral bone 
(Whitehead and Fleming, 2000). The hallmarks of osteoporosic bones, including increased 
porosity, fragility, and fracture susceptibility, are caused by a decrease in structural bone 
content. Although certain bones are more susceptible to fracture than others (Gregory and 
Wilkins, 1989), the entire skeleton is subject to osteoporosis associated bone loss (Whitehead 
and Fleming, 2000). 
Osteoporosis has significant economic and welfare consequences making it an 
important issue in the laying hen industry. Pain presumed to be experienced by hens due to 
nerve exposure or bone fracture represents the main welfare issue for osteoporosis 
(Whitehead and Fleming 2000). Economic losses associated with osteoporosis are related to 
decreased production and problems processing the carcasses of spent hens. There is an 
inverse relationship between the occurrence of skeletal abnormalities characteristic of 
osteoporosis and egg production (Cransberg et al., 2001) as well as bone strength with 
fracture incidence (Bishop et al., 2000). A British study performed at a processing plant 
found that just prior to slaughter 29% of spent hens had at least one broken bone and 98% 
had broken bones by the end of processing (Gregory and Wilkins, 1989). Mazzuco and 
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Hester (2005) found that laying hens subjected to an induced molt and second lay averaged 
34% freshly broken bones per bird at the end of processing at 126wk, with a range of 0 to 
61 %. This incidence of broken bones was negatively correlated with tibial BMD and BMC 
at 126wk of age (r = -0.54 and r = -0.53 respectively; P ~ 0.5; Mazzuco and Hester, 2005). 
These fractures led to bone fragmentation into the heat. The safety and meat quality issues 
this presents cause increased heat evaluation cost (Gregory and Wilkins, 1989). These 
problems as well as low meat yield have led to a loss of market opportunity for spent hens 
with host processilg facilities switching to heavier meat-type birds (Brown, 1993). As 
fewer poultry processors are willil7g to accept spent hens, birds must either be transported 
longer distances for processing, or increasingly be euthanized on the farm and sent for 
rendering, composting, or to a landfill (Newberry et al., 1999). 
Nutrition, exercise, and handling methods are all important factors in bone health. 
Various diet compositions, housing designs, and handling methods have been investigated, 
but changes or improvements in these management considerations alone have not been able 
to prevent osteoporosis in model-1z hens (Newman and Leeson, 1997; Rath et al., 2000; 
Rennie et al., 1997; Webster, 2004; Whitehead, 2004; Whitehead and Fleming, 2000). 
Osteoporosis has likely arisen as a problem in modem layer hens as an unfavorable 
correlated response to selection on traits associated with industry profitability. These include 
long production periods, high rates of egg production (approximately one egg per day), high 
feed efficiency, and shall body size. If selection has contributed to unfavorable genetic and 
phenotypic correlations in bone integrity then it is reasonable to assume selection could be 
used to improve the problem as well. The relative variation in bone characteristics relevant 
to osteoporosis but ulzrelated to productivity, both withilz and between different strains of 
1ay111g 11e11S, il~dicates a role for the use of selection on bone integrity traits to prevent 
osteoporosis in flocks, without decreasing egg production (Bishop et al., 2000; Rennie et al., 
1997; Riczu et x12004; Whitehead a17d Fleming, 2000). By selecting laying hens to create 
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high and low bone index lines, Bishop et al (2000) demonstrated that bone traits are 
moderately to highly heritable and respond quickly to selection, which does alter fracture 
incidence. It therefore appears that proper selection may aid in the prevention of 
osteoporosis. 
BONE PHYSIOLOGY AND THE DEVELOPMENT OF OSTEOPOROSIS IN 
CHICKENS 
The extracellular phase of bone is composed of a collagen network and an inorganic 
matrix. Osteoblasts are the cells responsible for secreting the extracellular matrix of bone. 
Hydroxyapatite crystals, composed of calcium and phosphorus, are the main components of 
the inorganic matrix. The collagen network is the foundation to which the inorganic matrix 
is calcified and its structure determines the bone's strength (Rath et al., 2000; Whitehead and 
Fleming, 2000). Cortical and cancellous or trabecular bone are forms of lamellar bone. They 
are highly organized and slowly deposited bone types with their main role being structural. 
Cortical bone is the compact outer casing of bone surrounding the trabecular bone and 
.medullary space. Trabecular bone has a spongy, lattice appearance, creating more surface 
area for it to be more metabolically involved than cortical bone (Rath et al., 2000). 
At the onset of avian sexual maturity a new type of bone is formed called medullary 
bone. It is a woven fo~~n of bone contributing to its non-structural role, unlike lamellar bone. 
It is more loosely organized and more mineral dense which makes it a highly metabolically 
active source of calcium for eggshell development (Rath et al., 2000). The rise in estrogen 
levels at sexual. maturity causes osteoblasts to switch from forming structural bone to 
medullary bone, found mostly in the leg bones. When the bird goes out of lay, osteoblasts 
revert back to structural bone for-~nation and medullary bone gradually disappears 
(Whitehead, 2004; Whitehead and Fleming, 2000). The role of estrogen in avian 
osteoporosis has been well reviewed by Beck and Hansen (2004). Estrogen has an 
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a~ztiresorptive effect on osteoclasts and a stimulatory effect on osteoblasts as well as calcium 
absorption from the intestine and kidney tubules. It is suggested that a gradual decline in 
estrogen synthesis over the production period, after the peak around sexual maturity, along 
with changes in receptors, parallels the pattern of decreased egg production and structural 
bone loss in laying hens (Beck and Hansen, 2004). Osteoclasts, responsible for releasing 
calcium from bone to maintain serum levels, provide for eggshell formation, and remodeling 
(Gay et al., 2000), are not specific to one type of bone. This relationship leads to a decrease 
in structural bone content, characteristic of osteoporosis, causing bones to become more 
fracture susceptible while the hen is in lay (Whitehead, 2004). Most avian species lay in 
clutches which allows time for structural bone remodeling when not reproductively active, 
therefore maintaining lifelong bone health. The modern layer, however, has been selected to 
remain reproductively active for extended periods of time which does not allow structural 
bone to be replenished (Whitehead, 2004). The length of time in lay appears to be a major 
predisposing factor for osteoporosis in layers (Whitehead and Fleming, 2000). 
Although the amount of structural bone decreases during the period a hen is in active 
lay, the amount of total bone remains relatively constant or even increases due to the amount 
of medullary bone created. Radiodensity and ash measurements of bone are therefore poor 
indicators of osteoporosis severity because medullary bone is just as radiodense as structural 
bone (Whitehead, 2004; Whitehead and Fleming, 2000). This fact explains the early 
observation that affected and unaffected birds did not differ in the percentage of tibial bone 
ash., ruling out rickets as the cause of cage layer fatigue (Couch, 1955). 
CELL TYPES PRESENT IN BONE MARROW AND THEIR ROLES 
There are many cell types present in bone marrow including osteoblasts, osteoclasts, 
osteocytes, adipocytes, 1lematopoietic cells, and multipotent and precursor cells. 
Mesenchymal stem cells or marrow stromal cells (MSC) are multipotent cells capable of 
differentiating into adipocytic, chondrocytic, or osteocytic lineages (Pittenger et al., 1999). 
Osteoblasts are responsible for forming the organic matrix of bone and mineralizing bone 
with the inorganic matrix. Mature osteoblasts that become embedded in bone may 
differentiate il~to networks of interconnected osteocytes which play a role in regulating bone 
remodeling in response to mechanical stresses (Whitehead, 2004), such as exercise which 
helps maintain healthy bones (Newberry et al., 1999). Osteoclasts resorb and mobilize bone 
for remodeling and mineral homeostasis (especially calcium). Adipocytes secrete various 
cytolcines and their numbers in bone marrow increase with age (Moerman et al., 2004). 
FUNCTIONAL CANDIDATE GENES 
Aclipo~~ectin 
Adiponectin was once thought to be secreted only by adipocytes, has been found to 
be expressed and secreted by osteoblasts (Berner et al., 2004). Both adiponectin receptor 
genes are expressed by osteoblasts (Benner et al., 2004; Luo et al., 2005) and osteoblasts 
(Oshi~na et al., 2005) suggesting they are targets of adiponectin. Adiponectin has an 
inhibitory effect on adipogenesis (Yokota et al., 2002) and osteoclastogenesis (Oshima et al., 
2005), while stimulating osteoblastogenesis (Luo et al., 2005; Oshima et al., 2005). 
Alo~l15 
Klein et al. (2004) found Alox15, the gene for 12/15-lipoxygenase (12/15-LO), to be 
the gene at the peak of a bone mineral density QTL in mice and showed its expression had a 
negative regulatory effect on peak bone mineral density. 12/15-LO converts arachidonic and 
linoleic acids into activating ligands for peroxisome proliferator activated receptor-'y 
(PPAR~y; Huang et al., 1999; Nosjean and Boutin, 2002). Sekiya et al. (2004) demonstrated 
the steady increase in mRNA of several transcription factors, including PPAR~y, with 
adipogenic differentiation of MSCs. While PPAR~y has stimulatory effects on adipogenesis, 
it inhibits osteoblast differentiation (Khan and Abu-Amer, 2003; Lecka-Czernik et al., 2002). 
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Klein et al. (2004) found that mice with the allele for increased expression of Alox 15 had 
reduced expression of osteocalcin (a marker of differentiated osteoblasts) mRNA, increased 
C D3 6 (a fatty acid translocase) mRNA abundance, and significantly lower bone mineral 
density. Investigating the differences in the expression profile of Alox 15 between broilers 
and layers may therefore provide insight into the level of adipogenesis occurring in the bone 
marrow and help explain the differences in bone mineral density between the two lines of 
chickens. 
Ca~~boj7ic A~~l~yclj~ccse II 
Carbonic anhydrase II (CA2) is an osteoclast enzyme that produces protons used to 
acidify the resorptive area under the cell to degrade the inorganic, mineral component of the 
bone matrix. CA2 expression in bone is a marker for osteoclasts and active osteoclasts have 
a greater abundance of CA2 mRNA than do non-resorbing osteoclasts which have low CA2 
expression (Asotra et al., 1994; Laitala and vaananen, 1993). Therefore examining the gene 
expression profile of CA2 will provide a view of relative osteoclast activity across the 
various ages and between the lines of chickens in this study. 
Gl~>ee~~alclel~ycle-3 pl~ospl~ate c~ehyclYogenase 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a gene commonly used in 
expression experiments as a housekeeper to standardize or normalize RNA concentrations for 
multiple genes analyzed in one sample or among various samples (examples include 
Ahdj oudj et al., 2002; Berger et al., 2004; and Kondo et al., 2002). 
OstGOCCIlClj2 
Osteocalcin is the most abundant of the non-collagenous proteins secreted by 
osteoblasts and is incorporated in the bone matrix. Expression of osteocalcin is often used as 
a late marker for osteoblast differentiation and activity (Weinreb et al., 1990). Structurally 
osteocalcin undergoes a conformational change upon binding of Cap+ which facilitates its 
adsorption to hydroxyapatite (Hauschka and Carr, 1982). Osteocalcin's functional role in 
bone is not clearly understood, but there is evidence that it may serve as a matrix signal for 
recruitment, differentiation, and resorbing activity of osteoclasts (Chem et al., 1994; 
Glowacki et al., 1991) and may regulate the rate of bone formation (Ducy et al., 1996) or 
mineral maturation (Boskey et al., 1998). 
RANK-L c~~zcl OPG 
TABLE 1. Synonymous gene identifications 
OCIF 
OPG 
TR1 
ODAR 
RANK 
ODF 
OPG-L 
RANK-L 
TRANCE 
Osteoclastogenesis inhibitory factor 
Osteoprotegerin 
TNF receptor-related molecule 1 
Osteoclast differentiation and activation receptor 
Receptor activator of NF-kB 
Osteoclast differentiation factor 
Osteoprotegerin ligand 
Receptor activator of NF-kB ligand 
TNF-related activation-induced cytokine 
In addition to their role in bone formation, osteoblasts also play a role in the fine 
tuned regulation of osteoclastogenesis and osteoclast function. The balance between 
osteoclast mediated bone resorption and osteoblast mediated bone formation which maintains 
bone integrity may hinge on the relative ratios of two osteoblast products, receptor activator 
of NF-kB ligand (RANK-L) and osteoprotegerin (OPG), in the bone microenvironment. 
RANK-L is expressed as a surface protein and in a soluble form by osteoblasts and certain 
Other bone marrow stromal cells (Lacey et al., 1998). RANK-L induces osteoclast 
differentiation and stimulates motility and activity of mature osteoclasts as well as preventing 
apoptosis (Fuller et al., 1998; Lacey et al., 1998). Receptor activator of NF-kB (RANK) is 
the receptor for RANK-L and is present on osteoclast lineage cells exclusively among bone 
cells (Hsu et al., 1999). OPG is a soluble decoy receptor for RANK-L secreted by 
osteoblasts. By preventing the cell to cell signaling between RANK-L on osteoblasts and 
RANK on osteoclasts, OPG inhibits osteoclast differentiation, activity, and survival (Kwon et 
al., 1998; Yasuda et al., 1998). When osteoblasts are exposed to high calcium 
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concentrations, such as might be foul7d around active osteoclasts, the level of OPG mRNA is 
up-regulated (Yasuda et al., 1998). The expression of these two cytokines, RANK-L and 
OPG, is mediated through many other hormones and cytokines. Hofbauer et al. (2000) 
propose a "convergelzce hypothesls" for the regulation of osteoclasts whereby various 
"upstream" cytol{fines influence the expression of RANK-L and OPG, which regulate the 
number of active osteoclasts. Osteoblasts maybe stimulated to express higher levels of 
RANK-L to increase the number and activity of osteoclasts and to express higher levels of 
OPG when less osteoclastic resorption is needed. Thus, the expression profiles of RANK-L 
and OPG will provide us with an indication of where the balance of osteoclast activation lies. 
Ti~ansfori~aing g~^owth factor beta-2 
Transforming growth factor• beta (TGF(3) is thought to be a modulatory factor whose 
functions couple the processes of resorption and apposition in bone remodeling (Erlebacher 
et al., 1998). Because remodeling is a site specific phenomenon in bone, its regulation is 
likely by a local factor (Pfeilschifter and Mundy, 1987). TGF(3 encompasses a family of 
multi-fiuzctional proteins, including the isoform TGF(32, secreted by bone cells in a latent 
form and deposited in Uone matrix by osteoblasts. Osteoclasts free and activate matrix bound 
TGF(3 through the resorptive process (Pfeilschifter and Mundy, 1987; Oreffo et al., 1989; 
Oursler, 1994). TGF(32 affects an increase in OPG expression and a decrease in RANK-L 
expression by osteoblasts, thus inhibiting osteoclast differentiation (Thirunavukkarasu et al., 
2001). TGF(32 also inhibits adipocyte differentiation (Ahdjoudj et al., 2002 and 2005; Choy 
and Deryncic, 2003). 
In addition to the molecular role of TGF(32 in the regulation of bone metabolism, a 
candidate gene analysis by Li et al. (2003) reported an association between a polymorphism 
in TGF(32 and tibial bone mineral content (BMC) and density (BMD) in an F2 broiler by 
layer chicken population. A genome-wide quantitative trait locus (QTL) scan by Schreiweis 
et al. (2005) on a different F2 Uroiler by layer chicken population reported a QTL on 
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chromosome 3 for tibial BMD and breaking force. TGF~2 has been mapped to chicken 
chromosome 3, near the peak for this QTL. TGF~32 expression analysis will aid in 
Lulderstanding the underlying molecular causes of the biological difference in the bone traits 
observed. 
WHY MEASURE GENE EXPRESSION 
The objective of this project is to better understand the genetic component of bone 
integrity by identifying genes whose expression level may impact physiological bone traits 
observed in chickens. We hypothesize that genes important in bone metabolism will be 
differentially expressed in the bone marrow of chickens expressing phenotypic differences 
for a number of bone characteristics. Layer and broiler chickens are utilized in these 
experiments because significant differences in bone density and strength have been 
documented between them. 
Expression level differences for certain genes have been found to be the basis for 
biological differences in bone traits. A prime example, discussed above, is the Alox 15 QTL 
for bone mineral density found by Klein et al. (2004) in mice. Further investigation of such 
genes opens the possibility of new pharmaceutical targets for osteoporosis or determination 
of specifMic causal polymo~-phisms may provide markers for use in marker assisted selection 
(MAS) programs in the layer industry in order to breed hens with improved bone integrity 
characteristics. 
THESIS ORGANIZATION 
This thesis includes a general introduction followed by two papers prepared for 
submission to Poultry Science, a scholarly jounlal, as well as a conclusion and future 
directions section. I, Anna K. Bennett, was principally involved in the data collection, 
analysis, and interpretation, and served as the primary author for the two included papers. 
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Other authors include Dr. Patricia Y. Hester, a professor at Purdue University who assisted 
with phenotypic data collection and analysis, and Dr. Diane M. Spurlock, my major professor 
at Iowa State University who assisted in all aspects of this research. 
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CHAPTER 2: TGF~i2 AND BONE INTEGRITY IN CHICKENS 
A paper to be submitted to Poultry Science 
A. K. Bennett, P. Y. Hester, D. M. Spurlock 
ABSTRACT 
Osteoporosis is a serious problem for the laying hen industry with economic, 
production, and welfare consequences. Transforming growth factor-~2 (TGF~32) has been 
implicated as a coupling factor between bone resorption and formation in bone remodeling. 
This study was designed to dete~-~nine if TGF~32 is associated with variation in bone strength 
in chickens, using two complementary experimental approaches. First, mRNA abundance of 
TGF~32 in the bone marrow of broiler and layer chickens was compared at three ages (1 S, 35, 
and 60 wks). Bone and egg traits were measured along with mRNA abundance at each age. 
Second, a single nucleotide polymorphism (SNP) present in TGF~32 was investigated in an 
F2 population to detel-~nine its association with bone and egg traits of importance to the layer 
and broiler industries. TGF~32 was found to be expressed at a significantly higher level in 
broilers at 15 wks of age, consistent with their higher bone mineral density and the negative 
regulatory function of TGF~32 on osteoclasts. The TGF~32 SNP was found to be significantly 
associated with bone mineral density and content. ~Iowever, this association became non-
significant when body weight was included as a covariate in analyses. Taken together, these 
data reinforce the importance of TGF~2 as a cytokine in bone remodeling and suggest it may 
play a role In regulating bone strength In chickens. 
Ke~> >~>orcls: cl~ichen, gene expression, osteoporosis, single nucleotide polymorphism, 
trclnSfOrl~2ing grolNtjl fClCtOr-~ 2 
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INTRODUCTION 
Osteoporosis is an important issue in the laying hen industry with significant 
economic and welfare consequences. The hallmarks of osteoporosic bones, including 
increased porosity, fragility, and fracture susceptibility, are caused by a decrease in structural 
bone content. The presumed pain experienced by laying hens due to nerve exposure or bone 
fracture represents the main welfare issue for osteoporosis (Whitehead and Fleming, 2000). 
T11e economic losses associated with osteoporosis are related to decreased production 
(Cransberg et al., 2001) and loss of market opportunity for spent hens due to bone 
fragmentation during processing (Brown, 1993; Gregory and Wilkins, 1989). 
While nutrition, exercise, and handling are all important factors in bone health, 
improvements in these management considerations alone will not solve the osteoporosis 
problem in mode~-~~ flocks (Rath et al., 2000; Rennie et al., 1997; Webster, 2004; Whitehead, 
2004; Whitehead and Fleming, 2000). Selection in the layer industry for traits of economic 
importance, such as feed efficiency and productivity, has led to an unfavorable correlated 
response in bone integrity which has played an important role in the establishment of 
osteoporosis as a problem in layers. Bishop et al. (2000) used selection in layers to 
demonstrate that bone traits are moderately to highly heritable and respond quickly to 
selection. Therefore, selection is a tool which could be used to affect long-term improvement 
In bone lntegrlty. 
A challenge in selecting birds for unproved bone strength is identifying the superior 
animals for breeding purposes. One option is to use retrospective selection based on 
phenotypic measurements from end of lay hens (Bishop et al., 2000), but performing matings 
ahead of selection generates excess animals. A second option is to perform in vivo 
measurements of bone density such as dual energy x-ray absorptiometry (DEXA) in potential 
breeders. However, this is time consuming and expensive (Hester et al., 2004). An 
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alternative option is to utilize genetic markers to facilitate the identification of animals for 
Ureeding purposes in a inarlcer assisted selection (MAS) program. However, a limited 
number of candidate genes and quantitative trait loci (QTL) that influence bone integrity 
traits in chickens have been identified to date (Li et al., 2003; Schreiweis et al., 2005b; Zhou 
et al., 2005). 
One candidate gene that has Ueen associated with bone strength in chickens is 
transforming growth factor-(32 (TGF(32). TGF(32 is an important cytokine in bone 
remodeling and has been implicated as a coupling factor between osteoclastic bone 
resorption and osteoUlastic Uone foi-~nation. In addition to the candidate gene analysis 
reported by Li et al. (2003), a genome-wide QTL scan conducted previously on the F2 
population used iii this study reported a QTL on chromosome 3 for 35wk tibia bone mineral 
density (BMD) and tibia bone breaking force (Schreiweis et al., 2005b). TGF(32 has been 
snapped to chromosome 3, near the peak of this QTL. 
The first objective of this study was to determine the effect of a single nucleotide 
polymorphism (SNP) in the TGF(32 gene on bone trait phenotypes in our F2 population of 
chickens generated from a broiler by layer cross. A second objective of this study was to 
investigate the mRNA abundance of TGF(32 in the bone marrow of layer and broiler hens 
that differ for traits related to bone strength. Investigating TGF(32 expression differences in 
broiler and layer lines will aid in understanding differences in the genetic regulation of bone 
integrity in chickens. This will in turn provide new candidate genes and regulatory pathways 
for investigation. 
MATERIALS AND METHODS 
Investigatio~z of TGF/32 SNP 
The TGF(32 SNP published by Li et al. (2003) was evaluated, but was not 
infoi7native in our resource population (unpublished data). Therefore a novel SNP was 
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ldelltlfled alld Lltlllzed 111 t111S study. TGF~2 forward (5'-
CTCGCTCTTTATGCTGGTGGTCC-3') alld reverse (5'-
CCTCTGTGATGGAGCCATTCATGTA-3')prlmers were designed from Ensembl sequence 
data for TGF~32 transcript ENSGALT00000015664 located on chromosome 3 
(www.enselnbl.org/Gallus_gallus/; August 2005). Genolnic DNA was amplified from layer 
and broiler grandparents of the resource population by PCR in 10 µl reactions including 25-
50 ng of DNA, 0.25 µM of each primer, 2.SX PCR masterinix (Eppendorf AG, Hamburg, 
Gel-1na17y), and 1.25 111M Mgt+ (Eppendorf AG, Hamburg, Germany). Samples were heated 
to 95 °C for 2 min followed by 30 cycles of 95 °C for 30 s, 58 °C for 30 s, and 72 °C for 1 
111ll1; then 72 °C for 10 min. One SNP was identified in the TGF~2 gene after comparing the 
layer and broiler sequences. This polymorphism was genotyped, along with other SNPs 
previously described (Bennett et al., 2006), using the ABI PRISM SNaPshot Multiplex Kit 
(Applied Biosystems, Foster City, CA). Indi~~idual gene fragments were amplified from 
genomic DNA in 10 µl PCR reactions as previously described using appropriate PCR 
primers. Manufacturer's suggested protocols were followed to design a SNP genotyping 
primer (S'-GCTGGTGGTCCACTTTACTGCAAATCTGCTAAATATTAACTTG-3'), pool 
and purify PCR products, and process SNaPshot reactions using a 3100 Genetic Analyzer 
(Applied Biosystems, Foster City, CA). Genotypes were determined using GeneScan 3.0 
software (Applied Biosystems, Foster City, CA). 
An F2 resource population developed for a QTL scan, as described by Schreiweis et 
al. (2005b, 2006), was used to investigate the relationship between the TGF~2 SNP and 
phenotypic traits of interest. Brlefly, the S 13 animal F2 population resulted from the cross of 
two founder lines represented by 16 pedigree line Hy-Line White Leghorn layer hens and 5 
commercial line Cobb-Cobb broiler roosters. 
Fifty-eve traits associated with bone strength, growth, egg production, and egg 
quality were measured in the F2 resource population (see Schreiweis et al., 2005b and 2006 
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for a complete description of traits). Association of the TGF~2 SNP with all traits was 
evaluated by analysis of variance using a model including hatch (1-7), genotype and their 
interaction as fixed effects, and F 1 family as a random effect. Results were evaluated with 
and without the inclusion of body weight at the tune of BMD and BMC measurement as a 
covariate. Significant associations were defined by P < 0.05. 
I~Tvestigatio~T of bonze j~iarrow gene expression 
Phenotypic data were collected for production and bone traits on 27 female pedigree 
line Hy-Line White Leghor-~7 layers and 30 female commercial line Cobb-Cobb broilers. The 
broilers and layers used in this objective were the same lines as the founders of the F2 
population, except the lines had continued to undergo industry selection between attainments 
for these separate experiments. Birds were obtained on day of hatch and fed a starter diet to 
6 weeks of age, a grower diet from 6 to 8 wks, a developer diet from 8 to 15 wks, apre-lay 
diet from 15 to 18 wks, and a breeder diet from 18 wks until termination of the experiment. 
Diet compositions have been reported previously (Schreiweis et al., 2005a). Layers were 
provided feed and water ad libitum, however daily feed restriction beginning at 6 wks, based 
on average body weights collected at monthly intervals, was necessary to prevent obesity in 
the broilers. All animal management procedures were approved by the Purdue University 
Animal Care and Use Co~n~nittee. 
Ten layers and ten broilers were randomly chosen at each of three ages (15, 3 5, and 
60 wks; only seven layers were collected at 60 wks) and euthanized with carbon dioxide gas. 
Bone mineral. density (BMD) and bone mineral content (BMC) measurements of the left 
humerus and tibia (including fibula) were obtained from densitometric scans using dual 
energy x-ray absorptio~netry (DEXA; Model No. 476D014; Norland Medical Systems, Fort 
Atkinson, WI) on the day previous to euthanasia for birds sampled at 15 wks of age 
(Schreiweis et al., 2003, 2004, and 2005a). The larger body size of birds at 35 and 60 wks of 
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age required these measurements to be taken after euthanasia on the severed left wing and 
leg, with all soft tissues intact. Individual body weights were recorded when BMD and BMC 
Izleasure~nents were taken. 
Additional phenotypes measured in all hens included bone breaking force, daily egg 
records, and egg component measurements. The left tibia was collected following 
euthanasia, cleaned of all soft tissues, wrapped in 0.85% saline soaked gauze, and frozen in - 
20°C freezer until bone breaking measurements were taken, as described by Schreiweis et al. 
(2003). Egg measurements were taken from eggs laid two weeks prior to euthanasia, as 
previously described by Schreiweis et al. (2006). 
Following euthanasia, the right tibia was excised and cracked with a hammer. Bone 
marrow was collected using a metal spatula from the entire length of the bone and frozen in 
liquid nitrogen pending RNA extraction. Total RNA was extracted from entire bone marrow 
samples with Trizol Reagent (Invitrogen Corporation, Carlsbad, CA) according to the 
manufacturer's recommended protocol. One µg of RNA was reverse transcribed into cDNA 
using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA). The mRNA 
abundance of transforming growth factor-~2 (TGF~32) was measured by quantitative real-
time PCR (gPCR), in duplicate 25 µl reactions including iQ SYBR Green 2x Supermix (Bio-
Rad Laboratories, Hercules, CA), 5µM forward and reverse primers, and 2µl cDNA 
template using aBio-Rad iCycler (Bio-Rad Laboratories, Hercules, CA). TGF~2 forward 
(5'-TGCTAATGTTGTTACCCTCC-3') and reverse (5'-ATAAAGTGGACGCAGGCAGC-
3') primers were designed to span the intron between exons 5 and 6 for a cDNA transcript 
length of 125 by and a predicted genomic transcript length of 683 bp. Log of the starting 
copy ntunber (LSCN) for each sample was determined from a standard curve calculated from 
the regression of the LSCN of plasmids of known concentration containing the PCR target on 
the sample's gPCR cycle threshold. 
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Phenotypic and expression data were analyzed by analysis of variance using the 
mixed model procedure of SAS (Release 8.02, SAS Institute Incorporated, Cary, NC), 
including genotype as a fixed effect. Body weight at tune of measurement was considered as 
a covariate for BMD and BMC traits. gPCR expression data also included animal within 
genotype as a random effect. Significance was defined as P < 0.05. 
RESULTS 
I~t vestigation of TGF~32 S'1VP 
The TGF(32 SNP is a T to C poly~norphis~n in the intron between exons 3 and 4 (base 
71 of GenBank accession no. X59081.1). Allelic frequencies of the T allele were 0.00, 0.84, 
and 0.43 in the broiler founder line, layer founder line, and F2 population, respectively. 
Significant associations were found between TGF~32 and BMD and BMC of tibia at 35 wks 
(P = 0.005 9 and P = 0.0166) and 5 5 wks (P = 0.0048 and P = 0.0207) when no body weight 
covariate was included in the analysis. However, when body weight was included in the 
model as a covariate, these associations only tended toward significance (P = 0.0545, 0.1553, 
0.0846, and 0.4180 respectively; Table 1). Significant associations were found between the 
TGF(32 SNP and all body weight growth traits from one to six weeks (P < 0.04; Table 1). 
Finally, the effect of genotype on egg production from 46 to 55 wks was also significant (P = 
0.034). In general, the CC genotype had higher BMD, BMC, and body weights, but lower 
egg production from 46 to 5 5 wks, consistent with the high frequency of the C allele from the 
broiler grandparent line. 
II1VeStlgotl011 Of ~OIZe I~ZCrl^j~ow gene expression 
Phenotypic data collected on broiler and layer lines showed significantly (P < 0.0001) 
higher body weight, BMD, BMC, and bone breaking force in broilers across all ages. These 
phenotypic differences between the lines were similar to those previously reported for the F2 
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grandparents (Scllreiweis et al., 2005b), except significant differences in BMD were not seen 
between the grandparent lines until after sexual maturity. Eggs produced by broilers had 
S1g111f1Calltly hlgher yolk We1g11tS. Broilers, however, came in to lay later and had lower rates 
of egg production, compared to layers, as assessed by the total number of eggs laid by 35 and 
60 wks of age, divided by the number of days since the date of first egg (Table 2). 
Quantitative real-time PCR (gPCR) analysis showed a significant difference in 
TGF~2 (P = 0.0002)111RNA transcript abundance in the bone harrow of broiler and layer 
1i11es at 15 wl~s of age (Figure 1). At this age all birds were i11 a pre-lay stage. While broilers 
had higher TGF~32 mRNA abundance at 15 wks of age, no difference was found between the 
lines at 35 and 60 wks of age. 
DISCUSSION 
The SNP results presented herein are consistent with those of Li et al. (2003), who 
also investigated a TGF~32 SNP in an F2 population generated from a broiler by Leghorn 
cross. The promoter region SNP found in the Li et al. population was not polymorphic in our 
resource population (unpublished data); thus a novel SNP was identified and utilized in this 
study. Because of the broad regions of 1i11kage disequilibriuln maintained in an F2 
population resulting fro111 the cross of divergent lines, the SNP evaluated should be 
interpreted as being in linkage with, not causal for, the QTL of interest. 
Li et al . (2003) studied BMD and BMC in the tibia of hale birds managed as broilers 
i~1 floor pe11s at 8 wl~s of age, whereas the current study assessed these traits in female birds 
raised i11 wire cages at 3 5 a11d 5 5 wks of age. Despite these differences, both studies show a 
similar effect, i~1 that individuals homozygous for the broiler allele had significantly higher 
BMD and BMC when data were not collected for body weight. Taken together, these data 
from two independent populations strongly suggest that sequence polymorphisms within or 
near TGF~32 are significantly associated with bone integrity traits. However, the importance 
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of considering the effects of body weight on BMD should not be ignored since body weight 
is an important factor that inflL~ellces the BMD of load bearing bones, such as the tibia. In 
both the experiment reported by Li et al. (2003) and the results presented here, the 
association between TGF~32 genotype and BMD became non-significant, and that between 
TGF~32 and BMC only telzded toward significance after accounting for variation in body 
weight at the time of BMD and BMC measurement. Regardless of this effect, Li et al. (2003) 
found that TGF(32 genotype did not have a significant effect on body weight and growth 
traits. In contrast, 111 OLIr pOpLilatl011, TGF~32 genotype was significantly associated with body 
weights from 1 to 6 wks. It is therefore unclear whether TGF~2 has an effect on body weight 
or if body weight is an independent factor affecting bone phenotypes. 
Filially, it should be recognized that a relatively large number of traits (55) were 
evaluated in the present study. Thus, up to 3 significant associations would be expected by 
chance alone. A factor analysis L~si11g the traits evaluated in this study showed that 18 factors 
account for approximately 95% of the variation in phenotypic data of the 55 traits evaluated. 
A Bo11fe1T oni co1T ection adjusting for this number of independent traits (18) would result in a 
significance threshold of P ~ 0.003 fora 5% Type I experimental error rate. None of the tests 
for association between genotype and phenotype surpass this conservative significance 
threshold. However, the fact that the associations between TGFR2 and bone traits were 
sil~zilar in two independent populations, when BMD were measured at very different time 
points, lends credibility to the validity of this association. Nonetheless, a second objective of 
this stL~dy was to use a different experimental approach in order to provide additional 
evidence supporting an association between TGF~2 and bone strength in chickens. 
TGF~3 is thought to be a modulatory factor whose functions couple the processes of 
resorption and apposition in bone remodeling (Erlebacher et al., 1998). Because remodeling 
is a site specie c phenomenon in bone, its regulation is likely by a local factor (Pfeilschifter 
and Mundy, 1987). TGF~3 encompasses a family of multi-functional proteins, including the 
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isoform TGF~32, secreted by bone cells in a latent form and abundantly deposited in bone 
matrix by osteoblasts. Osteoclasts free and activate matrix bound TGF~3 through the 
resorptive process (Pfeilschifter and Mundy, 1987; Oreffo et al., 1989; Oursler, 1994). 
Osteoclast activity can have a significant influence on the local level of TGF~ in the bone 
micro-environment as well as its state of activation (Erlebacher et al., 1998). A negative 
feedback loop is established when the TGF~ freed and activated by osteoclastic resorption 
stimulates changes in gene transcription by osteoblast lineage cells which inhibits 
osteoclastogenesis (Takai et al., 1998). The gene expression data showing an increased 
abundance of TGF~2 at 15 wks is consistent with a model of decreased osteoclast activity 
leading to increased BMD and BMC in broiler compared to layer lines of chickens. 
It is particularly interesting that the difference in TGF~32 mRNA abundance was 
observed at 15 wks, but not at later ages. Body weight is an unlikely explanation for the 
difference in TGF(32 rnRNA abundance because broilers are significantly heavier than layers 
across all ages, whereas the differences in gene abundance occur only at 15 wks. Egg 
production also does not account for the effect since birds were not sexually mature at 15 
wl~s. One potential explanation for the 15 wk specific difference in TGF~2 mRNA is that 
other cytokines and holznones influencing the regulation of bone metabolism became more 
important after sexual maturity. For example, TGF~2 may be most important as a pre-lay 
cytokine in chickens to establish the foundation of bone's structural integrity, but becomes 
less influential after other factors, such as estrogen, begin to regulate calcium demand for egg 
shell production. The lower abundance of TGF~32 at 15 wks in layers may translate to a 
lower concentration Of TGF(32 incorporated in layer than broiler bone matrix. This would 
affect the amount of TGF(32 released and activated by osteoclasts at later ages, thus affecting 
the strength of the negative feedback loop signal to osteoclasts. In this way, the lower 
abundance of TGF(32 in layers pre-lay may contribute to predisposing them for weaker 
bones. 
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Another possibility is that the higher level of TGF(32 in layers at 35 and 60 wks as 
compared to 15 wlcs may not result in an increase in the amount of active TGF(32. Robinson 
et al. (1996) found estrogen affects adose-dependent increase in TGF(3 protein levels, but a 
decrease in active TGF(3 protein in isolated osteoclast cultures. The decrease in active 
protein is likely a result of decreased lysosomal protease secretion by osteoclasts which frees 
and activates latent TGF(3 (Robinson et al., 1996). Purified avian osteoclasts express mRNA 
for several isoforms of TGF(3, but secrete predominantly TGF(32 (Oursler, 1994). Estrogen 
treatment also appears to shift the main isoform secreted by osteoclasts from TGF(32 to 
TGF(33 implying estrogen may have translational and post-translational regulatory effects 
(Robinson et al., 1996). This underlines the fact that differences in gene abundance may not 
translate to differences in the levels of active protein in cells. How the abundance of TGF(32 
mRNA in avian bone marrow samples relates to the levels of latent TGF(32 in bone matrix or 
the levels of available active protein is unknown. 
In summary, TGF(32 has been implicated as a coupling factor between bone 
resorption and formation in bone remodeling and has been mapped near the peak for a BMD 
aild bone strength QTL, inalcing it an important functional and positional candidate gene for 
bone integrity traits. Results from the current study make an important contribution to 
understanding the significance of TGF(32 in the regulation of bone traits in chickens because 
a TGF(32 SNP effect was observed for multiple populations and associations between bone 
traits and TGF(32 were observed both at the DNA and expression levels. These results 
provide strong justification for further research aimed at deciphering how TGF(32 abundance 
relates to activity at various ages and the inechanisins behind its downstream effects and 
interactions with other factors. 
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FIGURE 1. Least Square Means Estimate of broiler (B) and layer (L) transforming 
growth factor-~i2 (TGF~32) mRNA transcript abundance at 15, 35, and 60 weeks of age. 
P-values given above columns represent the level of significance between the two lines 
at each age. The significant difference between broilers and layers at 15 wks represents 
a 4.76-fold increase in broilers relative to layers. 
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CHAPTER 3: DIFFERENTIAL GENE EXPRESSION IN THE BONE MARROW OF 
LAYER AND BROILER CHICKENS 
A paper to be submitted to Poultj~y Sczence 
A. K. Bennett, P. Y. Hester, D. M. Spurlock 
ABSTRACT 
Osteoporosis is a ~naj or problem for the laying hen industry due to welfare issues and 
economic losses related to bone fractures. The objective of this research was to better 
understand genetic influences on bone integrity by comparing gene expression profiles from 
bone ma~~row of chickens expressing phenotypic differences for a number of bone 
characteristics. Tl1e expression profiles of specific functional candidate genes, including 
carbonic anhydrase II, glyceraldehyde-3 -phosphate dehydrogenase (GAPDH), 
osteoprotegerin (OPG), osteocalcin, and receptor activator of NFKB ligand (RANK-L), as 
well as the global expression profiles of genes included on the Fred Hutchinson Cancer 
Research Center (FHCRC) Chicken 13K array were assessed in broiler and layer chickens. 
Significant differences in GAPDH and OPG mRNA abundance at 15 wks were found 
between the lines. On the microarray, 53 and 85 features, at 15 and 60 wks, respectively, 
were considered differentially expressed (p <0.05 and q <0.25). At least 9 of the 53 features 
differentially expressed on the microarray at 15 wks corresponded to the GAPDH gene 
suggesting a difference in regulation of the glycolytic pathway between the lines. In 
addition, four genes with documented association with bone cell proliferation, differentiation, 
function, or survival were chosen from the lists of genes differentially expressed at 15 and 60 
wks for validation. A significant difference in fibronectin rnRNA abundance at 15 wks was 
34 
validated, suggesting broilers are producing more bone matrix, which is not surprising given 
the higher BMD of their bones. Further investigation of genes differentially expressed 
between layer and broiler lines will aid in understanding the genetic differences in regulation 
Of bone 111tegrlty 111 clllcl{ells. 
Key 1~vo~~cls.~ bo~7e, cl~icl~en, gene exp~~ession, ~nic~~oa~~ay, osteopoj~osis 
INTRODUCTION 
Osteoporosis is a significant issue in the laying hen industry due to economic and 
welfare concerns that result from bone fractures as structural bone is lost. Bone integrity in 
layers is known to be influenced by housing system, nutrition, production level and genetics 
(Bishop et al., 2000; Newman a17d Leeson, 1997; Rath et al., 2000; Rennie et al., 1997; 
Webster, 2004; Whitehead, 2004; Whitehead and Fleming, 2000). The objective of this 
research was to better understand the genetic component by comparing gene expression 
profiles from bone marrow of chickens expressing phenotypic differences for a number of 
bone characteristics. The expression profiles of specific functional candidate genes as well as 
the global expression profiles of genes included on a lnicroarray were assessed. Layer and 
broiler chickens were utilized for this experiment because significant differences in bone 
density and strength exist between them (Hester et al., 2004; Schreiweis et al., 2005b). 
Four functional candidate genes, including carbonic anhydrase II (CA2), 
osteoprotegerin (OPG), osteocalcin, and receptor activator of NFKB ligand (RANK-L), were 
chosen for bone marrow 1nRNA abundance analysis over three ages in broiler and layer 
chickens. CA2 is an osteoclast enzyme that produces protons used to acidify the resorptive 
area under the cell to degrade the inorganic, mineral component of the bone matrix. CA2 
expression in bone is a marker for osteoclasts, and active osteoclasts have a greater 
abundance of CA2 mRNA than do non-resorbing osteoclasts which have low CA2 
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expression (Asotra et al., 1994; Laitala and Vaananen, 1993). Therefore examining the gene 
expression profile of CA2 will provide a view of relative osteoclast activity across the 
various ages and between the lines of chickens in this study. 
Osteocalcin is the most abundant of the non-collagenous proteins secreted by 
osteoblasts and is incorporated in the bone matrix. Expression of osteocalcin is often used as 
x late marker for osteoblast differentiation and activity (Weinreb et al., 1990). Osteocalcin's 
functional role in bone is not clearly understood, but there is evidence that it may serve as a 
matrix signal for recruitment, differentiation, and resorbing activity of osteoclasts (Chenu et 
al ., 1994; Glowacki et al., 1991) and nay regulate the rate of bone formation (Ducy et al., 
1996), or mineral maturation (Boskey et al., 1998). 
A model by which osteoblasts regulate osteoclastogenesis is through the expression 
of RANK-L (also known as osteoblast differentiation factor, ODF) and OPG (also known as 
osteoclastogenesis inhibitory factor, OCIF). RANK-L is an osteoblast membrane bound 
factor that stimulates osteoclast differentiation and activity, and prevents apoptosis when 
bound by the receptor RANK on pre-osteoclasts (Fuller et al., 1998; Lacey et al., 1998). 
OPG is a soluble decoy receptor for RANK-L which competitively inhibits pre-osteoclast 
binding Of RANK-L (Kwon et al., 1998; Yasuda et al., 1998). Thus, the neutralizing 
character of OPG on RANK-L produces the opposite effects as RANK-L in osteoclasts. 
Evaluating the abundance of RANK-L and OPG will help determine if the regulation of 
osteoclastogenesis by these factors is differentially regulated in broiler and layer chickens. 
Glyceraldehyde-3 -phosphate dehydrogenase (GAPDH) ~nRNA abundance was also 
iz~exsured because it is a gene commonly used in expression experiments as a housekeeper to 
standardize or normalize for starting quantities of RNA (examples include Ahdj oudj et al., 
2002; Beazer et x1.,2004; and Kondo et al., 2002). GAPDH is an enzyme in glycolysis. 
In addition to individual gene expression analysis, global gene expression profiles 
were compared for broiler and layer chickens at two ages, 15 and 60 wks, using the Fred 
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Hutchinson Cancer Research Center (FHCRC) Chicken 13K array. This work was based on 
the hypothesis that genes with important roles in bone metabolism will be differentially 
expressed between animals with phenotypic differences in bone integrity traits. Investigation 
of genes differentially expressed between layer and broiler lines would therefore aid in 
tmderstanding genetic differences in the regulation of bone integrity in chickens. 
MATERIALS AND METHODS 
Expej~inz e~ztal population 
Phenotypic data were collected for production and bone traits on 27 female pedigree 
line Hy-Line White Leghorn layers and 30 female commercial line Cobb-Cobb broilers. 
Birds were obtained on day of hatch and fed a starter diet to 6 wks of age, a grower diet from 
6 to 8 wks, a developer diet from 8 to 15 wks, a pre-lay diet from 15 to 18 wks, and a breeder 
diet from 18 wks until te~-~nination of the experiment. Diet compositions have been reported 
previously (Schreiweis et al., 2005a). Layers were provided feed and water ad libitum, 
however daily feed restriction beginning at 6 wks, based on average body weights collected 
at monthly intervals, was necessary to prevent obesity in the broilers. All animal 
management procedures were approved by the Purdue University Animal Care and Use 
Committee. 
Phenotypic nzeccsu~^ements 
Ten layers and ten broilers were randomly chosen at each of three ages (15, 35, and 
60 wlcs; only seven layers were collected at 60 wks) and euthanized with carbon dioxide gas. 
Bone mineral density (BMD) and bone mineral content (BMC) measurements of the left 
huinents and tiUia (including fibula) were obtained from densitometric scans using dual 
energy x-ray absorptiometry (DEXA; Model No. 476D014; Norland Medical Systems, Fort 
Atkinson, WI) on the day previous to euthanasia for birds sampled at 15 wks of age 
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(Schreiweis et al., 2003, 2004, and 2005a). The larger body size of birds at 35 and 60 wks of 
age required these measurements to be taken after euthanasia on the severed left wing and 
leg, with all soft tissues intact. Individual body weights were recorded when BMD and BMC 
measurements were taken. 
Additional. phenotypes measured in all hens included bone breaking force, daily egg 
records, and egg component measurements. The left tibia was collected following 
euthanasia, cleaned of all soft tissues, wrapped in 0.85% saline soaked gauze, and frozen in -
20°C freezer until bone breaking measurements were taken, as described by Schreiweis et al. 
(2003). Egg measurements were taken from eggs laid two weeks prior to euthanasia, as 
previously described by Schreiweis et al. (2006). 
RNA s~cjfzple collectio~z 
Following euthanasia, the right tibia was excised and cracked with a hammer. Bone 
Ina~Tow was collected using a metal spatula from the entire length of the bone and frozen in 
liquid nitrogen pending RNA extraction. Total RNA was extracted from entire bone marrow 
samples with Trizol Reagent (Invitrogen Corporation, Carlsbad, CA) according to the 
manufacturer's recommended protocol. 
Izz~~estig~ctiozz of bonze »zai~i~ow ca~zdidate ge~ze exp~essiozz 
One µg of RNA was reverse transcribed into cDNA using the iScript cDNA Synthesis 
Kit (Bio-Rad Laboratories, Hercules, CA). The mRNA abundance of targeted genes was 
measured by quantitative real-time PCR (gPCR), in duplicate 25 µl reactions including iQ 
SYBR Green 2x Super~nix (Bio-Rad Laboratories, Hercules, CA), 5µM forward and reverse 
primers, and 2µl cDNA template using aBio-Rad iCycler (Bio-Rad Laboratories, Hercules, 
CA). The mRNA abundance of five genes, including carbonic anhydrase II (CA2), 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), osteoprotegerin (OPG), osteocalcin, 
:~ 8 
and receptor activator of NFKB ligand (RANK-L), was investigated by gPCR using the 
primers shown in Table 1. Log of the starting copy number (LSCN) for each sample was 
dete~-~nined from a standard curve calculated from the regression of the LSCN of plasmids of 
1{sown concentration containing the PCR target on the sample's gPCR cycle threshold. 
Phenotypic and expression data were analyzed separately for each age by analysis of 
variance using the mixed model procedure of SAS (Release 8.02, SAS Institute Incorporated, 
Cary, NC), including genotype as a fixed effect. Body weight at time of measurement was 
considered as a covariate for BMD and BMC traits. gPCR expression data also included 
animal within genotype as a random effect. Significance was defined as P < 0.05. 
Micj~oai~j~~cy o~zalysis of bode j~za~j^ow ge~ze expressionz 
Forty µg of bone marrow RNA from each of a total of 24 female birds (6 layers and 6 
broilers at 15 a~ld 60 wks of age) was purified and concentrated using the RNase-Free DNase 
Set along with the RNeasy MinElute Cleanup Kit (QIAGEN Incorporated, Valencia, CA). 
Twenty µg of total RNA was reverse transcribed into first-strand cDNA with oligo(dT)20 and 
random hexamer pruners, then fluorescently labeled with either Alexa Fluor 555 or 647 dye 
using the Superscript Plus Indirect cDNA Labeling System (Invitrogen Corporation, 
Carlsbad, CA) with the exception that the PureLink PCR Purification Kit (Invitrogen 
COl'pOratlOn, Carlsbad, CA) was used for the purification steps. The Fred Hutchinson Cancer 
Research Center (FHCRC) Chicken 13K array (Fred Hutchinson Cancer Research Center, 
Seattle, WA) was -used to compare gene expression profiles from the layer and broiler lines. 
Each a~T ay was pre-hybridized, hybridized, and washed per manufacturer's recommended 
protocols (Burnside et al., 2005), with the exception that wash 2 and 3 times were cut in half. 
One layer and one broiler sample labeled with different dyes were hybridized to each array (6 
arrays per time point) in 50 µl of hybridization buffer solution using Lifterslip (Erie 
SC1e11t1f1C C0111pa11y, POrts1110L1t11, NH) cover slips, and incubated in a 63°C water bath within 
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individual hybridization chambers wrapped in foil to block out light to prevent dye bleaching 
from light exposure. For each tune point, three layer and three broiler samples were labeled 
with each dye to control for dye bias. Slides were scanned with array WoRxe Biochip Reader 
(Applied Precision, LLC, Issaquah, WA) and images analyzed with ImaGene (BioDiscovery 
Incorporated, El Segundo, CA) software. 
Data were analyzed separately for the two ages. Features with an intensity level 
greater than two times its local background for at least one hybridization were retained in the 
dataset. These data were log transformed and normalized using lowess normalization and 
median centering across all hybridizations (Yang et al., 2002). A linear model was used to 
analyze main effects of line, dye, and slide for each array feature, and to estimate their 
corresponding p-values. P-values representing the line effect for each array feature were 
converted to q-values as described by Story and Tibshirani (2003). Least-squares means 
from the linear model analysis were used to estimate fold changes. Genes were considered 
differentially expressed if p < 0.05 and q < 0.25. 
i~alidatioiz of selected ~nicroarray ge~ze expression differe~zces 
Annotation of the microarray features was accomplished using the Database for 
Annotation, Visualization and Integrated Discovery (DAVID) software (Dennis et al., 2003) 
with GenBanlc accession number as the primary identifier. Calmodulin (GenBank accession 
ntunUer BF845713) and fibronectin (GenBank accession number AI980739) were selected 
fi-oin the list of genes differentially expressed at 15 wks, and ovotransferrin (GenBank 
accession number BG625767) and secreted frizzled-related protein-1 (sFRPl, GenBank 
accession number AI981441) were selected from the list of genes differentially expressed at 
60 wlcs to be validated with quantitative real-time PCR (gPCR). Primers were designed from 
the cDNA senuence represented by the array feature (Table 1). 
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One µg of RNA was reverse transcribed into cDNA using the iScript Select cDNA 
Synthesis Kit3. calmodulin and fibronectin genes were reverse transcribed with gene 
specific primers (reverse primer, Table 1). Abundance of mRNA was measured by gPCR, as 
previously described On the same RNA stock samples used for microarray hybridizations. 
The LSCN for each gene in each sample was determined as previously described, and used in 
subsequent statistical analyses. Expression data were analyzed by analysis of variance using 
the mixed model procedure of SAS (Release 8.02)4, with genotype as a fixed effect and 
animal within genotype as a random effect. Significance was defined as P < 0.05. 
RESULTS 
Quantitative PCR showed a significant difference in GAPDH (P = 0.0091) and OPG 
(P = 0.0014) mRNA transcript abundance in the bone marrow of broiler and layer lines at 15 
wlcs of age (Figure 1). At this age all birds were in a pre-lay stage. While broilers had higher 
GAPDH and OPG mRNA abundance at 15 wks of age, no difference was found between the 
lines at 35 and 60 wlcs of age. There was no significant difference in carbonic anhydrase II, 
osteocalcin, or RANK-L transcript abundance between lines at any age (Figure 1). 
At 15 and 60 wlcs, 53 of 3784 (Table 2) and 85 of 2152 (Table 3) of the features in 
the dataset, respectively, were considered differentially expressed. Two genes with 
documented association to bone metabolism were chosen from each age for validation with 
gPCR. Quantitative PCR validated a significant difference in fibronectin (P = 0.0130) 
mRNA transcript abundance in the Uone marrow of broiler and layer lines at 15 wks of age 
(Figure 2). Ovotransferrin mRNA abundance tended toward significance (P = 0.1195) at 60 
wlcs, but calmodulin and sFRP-1 were not significantly different at 15 wks and 60 wks, 
respectively (Figure 2). 
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DISCUSSION 
Bone integrity is regulated by many factors including genetics. Investigating 
functional candidate genes is a useful way to determine if current models of molecular 
mechanisms are in fact at work in regulating bone characteristics in chickens, or if there are 
differences between strains in those mechanisms that might account for phenotypic variation 
that exists between lines of chickens. 
OPG, osteocalcin, and RANK-L, three of the functional candidate genes investigated 
in this study, are three of many genes expressed by differentiated osteoblasts. These genes 
and others, including osteopontin and collagen, have potential binding sequences (OSE2) in 
their promoters for Cbfal, an important osteoblast transcription factor (Duey et al., 1997; 
Kern et al., 2001; O'Brien et al., 2002). TGF~3 down-regulates cbfal expression, resulting in 
a decrease in Cbfal protein within the cell which leads to a decrease in transcriptional 
activation of osteocalcin, a Cbfal target gene (Alliston et al., 2001). Although many other 
genes with OSE~ sites are thought to be regulated in a similar way to osteocalcin, OPG's 
expression is increased by TGF~32 in adose-dependent manner (Thirunavukkarasu et al., 
2000 and 2001). An explanation for this increase in OPG expression maybe found in the 
presence of a Smad binding element (SBE) also located in the OPG promoter 
(Thirunavukkarasu et al., 2001). TGF~3 activity has been found to work through Smad 
proteins acting as effectors, but this action depends on the promoter context (Alliston et al., 
2001), hence why these genes are able to be regulated by some of the same factors, but in 
different ways . 
TGF X32 was previously found to be differentially expressed at 15 wks (P = 0.0002; 
Chapter 2) between the broilers and layers in this study. The data in this paper agree with a 
regulatory effect Of TGF~32 On OPG rnRNA abundance since broilers at 15 wks had a 
significantly higher level of TGF(32 and OPG mRNA. However, the data do not support a 
direct association between TGF~32 and osteocalcin or RANK-L mRNA abundance at 15 wks. 
42 
This suggests that tl7e differential regulatory effect of TGF~32 in broilers and layers may be 
dependent on an effect related to Smad proteins at 15 wks of age, since the regulation of 
genes associated only with Cbfa1 binding sites do not appear to be affected. The lack of 
significant difference between broilers and layers for CA2 abundance also suggests that total 
osteoclast activity is not different between the lines, despite greater OPG mRNA abundance 
11z broilers. 
Because GAPDH is differentially expressed in layer and broiler bone marrow 
samples at 1 S wks of age, it was found to be unsuitable as a housekeeper gene. At least 9 of 
the 53 features differentially expressed on the microarray at 15 wks correspond to the 
GAPDH gene, and gPCR results confine a significantly higher mRNA abundance of 
GAPDH in broilers. This higher level of GAPDH mRNA in broilers at 15 wks maybe 
related to the fact that broilers have been selected for high rates of growth. GAPDH is an 
important gene in the glycolytic pathway; therefore, its expression nay be impacted by the 
differences in energy needs and growth rate of bones between broiler and layer hens. No 
significant difference was seen in GAPDH abundance at 35 wks or 60 wks, perhaps because 
animals are no longer undergoing raped growth. 
By also examining global gene expression profiles in a tissue, rather than functional 
candidate genes alone, a more complete picture of gene expression maybe gained, possibly 
bringing light to new regulatory mechanisms. The four microarray genes tested with gPCR, 
including calmodulin, fibronectin, ovotransferrin, and secreted frizzled-related protein-1 
(sFRP 1), were chosen from the lists of genes differentially expressed at 15 and 60 wks, based 
on doctunented association with bone cell proliferation, differentiation, function, or survival. 
calmodulin is a Cat+ binding protein that regulates osteoclast differentiation, 
function, and survival. Upon RANK-L binding RANK on osteoclasts, intracellular Ca
t+
levels rise and calmodulin expression is upregulated, leading to osteoclast differentiation. 
The expression of calmodulin also increases when osteoclasts attach to bone. At this time, 
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calmodulin concentrates at the ruffled border and regulates acid secretion. Calmodulin 
mediates apoptosis by binding Fas, a transmembrane tumor necrosis factor superfamily 
receptor (TNFR) that mediates cell death. Finally, calmodulin is known to activate other 
master regulators of osteoclastogenesis and osteoclast gene transcription (reviewed by Seales 
et al., 2006). Calmodulin also has a role in osteoblast differentiation and response to 
hormones and cytolcines (reviewed by Zayzafoon, 2006). 
Fibronectin is an extracellualar matrix protein produced by osteoblasts. Immature 
osteoblasts require interaction with fibronectin for differentiation, then switch as mature 
osteoblasts to depending on fiUronectin for survival (Globus et al., 1998). The significantly 
higher abundance of fibronectin inRNA at 15 wks in broilers suggests greater osteoblast 
activity or numbers, producing more bone matrix. This is not surprising given the larger 
Uones and higher BMD of broilers in this study (Chapter 2). A general physiological theme 
of more bone formation in pre-lay broilers maybe present when fibronectin abundance is 
considered along with the functional candidate genes which were differentially expressed at 
15 wlcs as well. 
Ovotransferrin is expressed by hypertrophic chondrocytes undergoing differentiation 
to osteoblast-like cells and mineralizing oste~blasts. It is suggested ovotransferrin may have 
a role in proliferation and differentiation of chondrocytes and osteoblasts (Gentili et al., 
1.994). 
Secreted frizzled-related protein 1 (sFRP-1) is expressed by osteoblasts and 
negatively regulates the Wnt/TCF l pathway that activates cbfal for osteoblast differentiation 
and fL~nction (GaLlr et al., 2005). sFRP-1 has also been found to be an important regulator of 
osteoblast and osteocyte survival. Its expression increases with advancing osteoblast 
differentiation and peaks in the post-proliferative, pre-osteocytic stage when osteocalcin 
secretion is high. This increased expression correlates with inactivation of the canonical Wnt 
pathway anal acceleration of apoptosis (Bodine et al., 2005). Deletion of sFRP-1 prolongs 
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trabecular bone fo~-~nation and blunts senile trabecular bone loss thus maintaining bone 
architecture in the aging skeleton (Bodine et al., 2004). sFRP-1 can bind RAI~IKL and 
inhibits osteoclast fo~-~nation in vivo, although no change in bone resorption markers were 
seen in knockout animals (Bodine et al., 2004; Hausler et al., 2004). 
A statistical difference in mRNA abundance for calmodulin, ovotransferrin, and 
sFRP 1 was not validated, suggesting that their identification as differentially expressed genes 
from the microa~-ray data may represent a false positive result. This maybe due in part to the 
non-conservative false discovery rate (FDR) of q < 0.25 which was used to identify 
differentially expressed genes in the rnicroarray experiment. This FDR was used as the 
significance threshold in the ~nicroarray experiment because very few genes met a more 
stringent 5 % FDR criterion. It is unclear why so few genes net this more stringent threshold 
that is commonly applied to similar experiments. However, several limitations to this 
experiment should be noted. The FHCRC Chicken 13K array does not represent all known 
genes in the chicken genome and has an immune system bias in regard to the tissues used to 
generate the cDNA libraries from which the array was produced. Less than half (10,168 of 
21,447) of the genes predicted or annotated in the GenBank chicken Unigene collection are 
covered by the clones on the array (Burnside et al., 2005). Therefore, the level of bone 
Ina~T ow tissue coverage by the array is a limiting factor for in this study as it is likely that 
genes of interest to bone ~netabolis~n were absent from the array. Additional limitations to 
the experiment pertain to the model which was evaluated. The crude preparation of the bone 
marrow tissue utilized and the manual hybridization of the arrays nay have generated 
variation in cell types and other factors, which together may have decreased the power of 
detection by contributing greater variability. This study also focused on the differences in 
gene abundance in the same tissue between different chicken lines. It is possible a more 
limited number of genes were detected because these differences between genetic lines and 
within the same tissue are snore subtle, with lower fold changes, than if different tissues were 
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compared or if a physiological stimulus was applied. This is seen in the `brain versus brain' 
and `brain versus fibroblast' hybridization experiments performed in the paper validating the 
array, which shows few genes differentially expressed within the same tissue, in sharp 
contrast to the ability of the array to detect tissue specific transcript differences (Burnside et 
al., 2005). Tissue gene expression differences between selection lines have been investigated 
in various species, with 3 to 130 differentially expressed genes reported (Bourneuf et al., 
2006; Gaetano et al., 2004; Diez-Tascon et al., 2005; Gladney et al., 2004; Mott and Ivarie, 
2004). Thus, the relatively low numbers of genes found differentially expressed in this 
study, relative to the number of transcripts present on the array, was not unreasonable. 
The FHCRC Chicken 13K array was fabricated before the chicken genome was 
sequenced (Burnside et al., 2005), contributing the low level of annotation for the features 
included on the array. When deter-~nining the names associated with the array features, one 
must exercise caution when using programs such as DAVID. We discovered for at least one 
clone (geneID C0004108_L9), DAVID's results were inconsistent with a BLAST search 
using the GenBank accession number (BU312360). Annotation limitations are not 
uncornrnon to microarT ay investigations, however, and anonymous transcripts can be 
identified through a variety of methods to yield useful data. 
The ~zlicroarray assay in addition to the investigation of individual functional 
candidate genes demonstrates that significant differences in bone marrow gene expression do 
exist between. broiler and layer chickens. Differences in gene expression can be associated 
with phenotypic differences measured between the two chicken lines, possibly indicating 
differential regulation of bone fo~-~zzation or osteoclast activity between the lines. The greater 
~ZzRNA abundance of OPG and fibronectin in broiler versus layer samples at 15 wks maybe 
part of the mechanism which results in greater BMD and strength in broiler bones at 15 wks, 
and later ages as well. Thus far differences in gene abundance have only been validated at 15 
wl{s despite phenotypic differences in bone traits existing between broiler and layer chickens 
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at later ages. This nay help to define important time points for consideration in future 
investigations based on when differences can be detected and validated in gene and 
phenotypic trait expression. Further investigation of the genes found to be differentially 
expressed in this study nay provide new insights into the mechanisms behind the genetic 
regulation of bone integrity traits in chickens. 
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Carbonic Anhydrase II 
~, 5.6 
~ 5.4 
Q 5.2 
0 
a~ 5 
4.8 
a, 4.6 
s 
0 4.4 
° 4.2 
lo
g
 o
f t
he
 s
ta
rt
in
g
 c
op
y 
nu
m
be
r 
5.6 
5.4 
5.2 
5 
4.8 
4.6 
4.4 
4.2 
0.1840 0.1287 0.7854 
~B 
15wk 35wk 
Age 
GAPDH 
0.0091 0.1667 
I 
60wk 
0.9762 
I 
15w k 35wk 
Age 
60wk 
~B 
FIGURE 1. Least square means estimate of broiler (B) and layer (L) carbonic 
anhydrase II, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), osteoprotegerin 
(OPG), osteocalcin, and receptor activator of NFKB ligand (RANK-L) bone marrow 
mRNA transcript abundance at 15, 35, and 60 weeks of age. P-values given above 
columns represent the level of significance between the two lines at each age. 
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Validation of Selected Gene Abundance Levels 
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FIGURE 2. Least Square Means Estimate of broiler (B) and layer (L) Calmodulin and 
fibronectin, bone marrow mRNA transcript abundance at 15wk and ovotransferrin and 
secreted frizzled-related protein 1 (sFRPl) bone marrow mRNA transcript abundance 
at 60wk. P-values given above columns represent the level of significance between the 
two lines at each age. 
62 
CHAPTER 4: CONCLUSION AND FUTURE DIRECTIONS 
SUMMARY OF SIGNIFICANT RESULTS 
Osteoporosis has arisen as a significant problem in the laying hen industry due in part 
to a co~T elated response to selection on profitable traits, including long periods in lay, high 
egg production, high feed efficiency, and small body size. Poor bone integrity is an 
unintended correlated response to of this intense selection, but selection programs designed 
to improve layer bone integrity have yet to be implemented in the industry. This is due in 
part to the difficulty, both in terms of cost and time, of measuring bone traits on potential 
breeding animals. A marker based selection method (MAS) could be an efficient strategy to 
implement in such a large industry because animals could be assessed for breeding purposes 
at any age from a DNA sample. The limited number of candidate genes and QTL 
influencing bone integrity traits in chickens has thus far made MAS for bone strength in the 
layer industry only a theory. In order to develop the necessary genetic markers, genes with 
significant effects on bone traits must first be identified and either the causal polymorphisms 
characterized or QTL tightly linked to the causal polymorphism must be validated. 
This research has contributed towards that goal by investigating gene abundance 
differences between broilers which have high BMD and strength, and layers which have 
significantly weaker bones. A TGF~32 polymorphism identified in an F2 resource population 
was associated with. BMD and BMC of the tibia at 35 and 55 wks when body weight was not 
included in the analysis model. The effect of body weight on the significance of the 
genotype effect suggests further research will be needed to fully understand the associations 
among bone strength, body weight, and genotype. TGF~32 ~nRNA abundance differences at 
15 wks between broilers and layers, as well as a possible relationship between TGF~32 and 
OPG abundance further suggests the i~npo~-tance of TGF~32 as a positional and functional 
candidate gene. Greater understanding of the effects of TGF~2 and the differences in 
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regulation of OPG expression between broilers and layers will provide a better understanding 
of the molecular mechanisms affecting bone integrity traits in chickens. 
This research has also identified several other genes differentially expressed in the 
bone harrow of broiler and layer chickens through the use of a rnicroarray. This provides 
further support for the hypothesis that genes important to the regulation of bone integrity are 
differentially expressed in the bone marrow of birds with distinct phenotypic differences for 
bone traits. Further analysis and validation of these genes may result in more candidates for 
genetic marker development. 
DIFFERENCES BETWEEN BROILER AND LAYER INTENSITY OF LAY 
The broilers as a group in this study appear to have more variability in their laying 
patterns, with smaller clutch sizes, and a greater incidence of pauses. Clutch size is the 
number of eggs laid on consecutive days before missing a day. Pauses are the periods of 
tune between clutches. Long pauses (2 days or more) have a great effect on total 
productivity of birds. Incidence of pauses typically is related to some form of stress, but may 
also be a heritable trait. Clutch size is influenced by genetics, although egg production as a 
whole is a lowly heritable trait, around 15% (North and Bell, 1990). 
The significantly different production rate of broilers and layers is indicative of the 
fact that the broilers in this study often went several days to weeks without laying, which 
may mean their estrogen levels dropped enough to have allowed them to go hormonally out 
of lay. This would therefore allow broilers to maintain better bone integrity than layers 
because they would be able to rebuild structural bone in this time out of lay. Layers likely 
pull calcium from their bone reserves to form egg shells at the high cost of bone integrity 
over time, instead of producing eggs with weaker egg shells. This is supported by the fact 
that broilers and layers showed no significant difference in egg shell thickness, weight, or 
percentage at either 35 or 60 wks of age (Chapter 2, Table 2). By remaining in lay for this 
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long period of time, layers continue to pull calcium needed for egg shell production from 
both structural and medullary bone alike, but are unable to replace the structural bone, 
therefore becoming more and more susceptible to bone fractures. The fact that layers begin 
to lay eggs at an earlier age than broilers only exacerbates this issue (Chapter 2, Table 2). 
Broilers came into lay significantly later than layers which means they had a longer period of 
growth before the stresses of calcium demand for egg production were placed on them. The 
differences in the productivity, length of time in active lay, and age at first egg between 
broilers and layers are all important biological factors that contribute to the stronger bones of 
broilers. 
GENETIC EFFECT VS. PRODUCTION DEMAND 
Based on the bone remodeling mechanism in chickens there maybe some question as 
to whether poor bone integrity and osteoporosis is more related to the high demands of egg 
production, or to a genetic predisposition for weaker bones in laying hens. Distinguishing 
these two effects is difficult after sexual maturity, but it is clear from our current data that 
layers do have statistically weaker bones pre-lay than do broilers and differences in gene 
expression. between the lines are observed before the onset of lay. At later ages, the effect of 
egg production demands on bone resources might be distinguished from genetic effects 
regulating bone integrity with further research. Our broiler by layer F2 resource population 
provides a unique resource to do this. Because on average F2 birds have an equal 
contribution of broiler and layer alleles in their genome, genes found to be differentially 
expressed in the separate broiler and layer populations could be assayed in those individuals 
in the F2 population with similar egg production rates. This would remove the effect of egg 
production and allow us to determine if gene expression differences are still associated with 
differences in BMD in sexually mature birds with similar rates of lay. 
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FUTURE DIRECTIONS 
Another method to investigate the relationship between productivity and genetic 
effects, as well as gain greater insight into the genetic mechanisms driving bone metabolism, 
using our current resources would be to use the genetical genomics approach proposed by 
Tansen and Nap (2001) to map expression QTL (eQTL) using bone marrow samples from our 
broiler by layer F2 resource population. The genetical genomics strategy provides a novel 
way to combine multiple sources of information into regulatory networks to gain a greater 
understanding of the relationships among genes. Given a genetic map along with the 
expression profiles and marker genotypes of each individual in a segregating population, 
multifactorial analysis of variance can be used to dissect a quantitative trait into its genetic 
components and assign these effects to the causal regions of the genome. Variable 
expression levels are portioned between multiple marker genotype classes based on the 
arnoLult of variation explained by of different combinations of marker alleles. In genetical 
genomics, the qua~ltitative trait being analyzed is the expression profile of a gene transcript. 
Regulatory network reconstruction is achieved in a stepwise manner by combining the 
information afforded from the known locations of transcripts on a genetic map, marker 
locations and genotypes, as well as the significant differences between marker allele classes 
in expression. levels of a transcript. Transcripts with a significant proportion of their variance 
in expression. explained by a similar set of markers are expected to be regulated in a similar 
manner and therefore belong to a common pathway. The order of these transcripts within a 
pathway can be deduced by their apparent influence on each other (Jansen and Nap, 2001). 
Expression. QTL mapping has the potential to generate large amounts of data that can be 
integrated into candidate networks that provide testable models for transcriptional regulation 
of a cell type or tissue. 
Discovery of eQTL would lead to further investigation to discover the causal 
polymorphism. in the gene responsible for the eQTL. A causal polymorphism can then be 
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used as a genetic marker in a marker assisted selection (MAS) program designed to improve 
bone integrity in the laying hen industry. 
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